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ABSTRACT 
The fatigue crack initiation (FCI) behavior, blend substructure 
and fracture surface appearance in the initiation regime of poly(vinyl 
chloride) (PVC) was studied as a function of molecular weight and 
amount of rubbery phase added. FCI lifetimes were found to increase 
with molecular weight, paralleling a similar improvement in fatigue 
crack propagation (FCP) previously reported by others. The influence 
of rubber addition on FCI behavior was found to be more complex. In 
high-M PVC blends, addition of rubber was shown to effect a w 
deleterious influence on FCI resistance. For the specimen 
configuration tested, total fatigue lifetimes in the high-M blends w 
were shortened by the addition of rubber. In contrast, in the low-M 
w PVC blends, rubber modifications were shown to beneficially influence 
FCI resistance, resulting in longer total fatigue lifetimes. 
Fatigue lifetimes were associated with blend substructure, which 
was itself found to vary as a function of matrix molecular weight and 
amount of rubbery phase added. Fracture surfaces in the initiation 
regime displayed thumbnail-type regions of microscopically 
near-featureless appearance which varied in size with M and rubber w 
addition. 
A preliminary study was also conducted to examine the FCI behav-
ior of neat and rubber modified epoxy resin and nylon 66. The addi-
tion of rubber to these polymers produced a deleterious influence on 
fatigue resistance by shortening FCI lifetimes and hastening thermal 
fatigue, respectively. 
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1. INTRODUCTION 
Since the inception of the plastics industry in the early 1930s, 
polymers have been used in a growing number of products. In recent 
years, there has been an increase in the use of polymers in 
load-bearing structural applications. Concurrently, processing 
improvements have led to an increase in the use of polymers toughened 
by the addition of a rubbery second phase. As a result, it has become 
increasingly vital that the non-linear, visco-elastic, stress-strain 
response of both neat and rubber-modified polymeric materials be fully 
understood. Early studies concentrated primarily on impact resistance 
and monotonic properties such as tensile strength, modulus and creep 
behavior. In practice, however, polymers are frequently subjected to 
intermittent or cyclic loadings. As a result, failure may occur by 
the accumulation of damage incurred at stresses below the static yield 
strength of the material. For this reason, the subject of fatigue of 
polymers and polymer blends is presently receiving considerable 
(1-3) 
attention. 
Rubber-modified polymer blends are of practical as well as 
academic interest. The first patent, describing a process designed to 
toughen brittle polymers by the addition of rubber particles, was 
actually filed in 1927. (4) However, problems with the product becom-
ing crosslinked rendered the toughening process unusable. (S) Twen-
ty-one years later, the Dow Chemical Company placed in production a 
commercially successful process for rubber-toughening of 
(6) polystyrene. The same technology was later applied to many other 
polymers as improvements were made in regulating the. size, shape and 
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distribution of the particles. Efforts to improve the strength of the 
rubber-matrix interface led to the development of solution grafting 
polymerization techniques. The chemical nature of poly(vinyl 
chloride) (PVC) does not, however, easily lend itself to this 
polymerization technique. Subsequent attempts to strengthen the 
interfacial bond strength in PVC then led to the development of methyl 
methacrylate-butadiene-styrene (MBS) concentrates which contain 
grafted rubber in a glassy matrix; the latter two phase mixture was 
found to be compatible with PVC. (7) 
Initially, the primary reason given to toughen a polymer was to 
improve its impact strength. For example, improvements of 15 to 25 
fold in impact strength may be realized by the toughening of PVC. (B) 
However, rubber modification also affects changes in the material's 
overall tensile behavior; elastic modulus and yield strength decrease 
but strain to fracture increases significantly (typically 30-100% 
greater elongation than that exhibited by neat PVC). (9) In general, 
toughened polymers respond quite differently under stress than do 
their neat counterparts. (7) Neat glassy polymers typically exhibit 
nearly linear-elastic behavior. In contrast, toughened polymers 
frequently show a clearly defined yield point which is followed by an 
apparent drop in yield strength; upon the application of further 
stress, molecular reorientation may cause a slow rise in strength with 
further straining prior to final failure. This latter stress-strain 
response typically involves a considerable amount of plastic deforma-
tion in conjunction with large scale energy absorption. 
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Many theories have been proposed to e:{plain the effect of rubber 
inclusions on the material properties of modified polymers. (?,lO) In 
1965, Newman and Strella(ll,lZ) proposed that localized cold drawing 
in the blend induced ductility in the matrix. Concurrently, Bucknell 
and Smith(lJ) proposed that the stress-whitening observed in many 
rubber-modified polymers was due to the presence of a large number of 
crazes which initiated easily at the rubber matrix interface. Trans-
mission electron microscopy studies, such as those conducted by 
Matsuo(l 4) confirmed this latter hypothesis. It is now generally 
accepted that both crazing and localized cold drawing or shear 
yielding occur simultaneously and interact together in most rubber 
(7 10) (15) toughened polymers. ' Mills and Walker observed this inter-
action directly during fatigue initiation studies in polycarbonate 
(PC) and PVC. They reported that shear bands formed in pairs at the 
ends of crazes. Such bands tended to terminate craze growth and 
hasten fibril breakdown. Petrich(l 6) however, reported for rub-
ber-modified PVC that shear yielding was the sole form of localized 
damage; no evidence of crazing was observed. 
In contrast to the striking effect which rubber modification has 
on impact strength, the effects of rubber addition on fatigue behavior 
are more subtle and complex. It is this complex effects or rubber 
additions on fatigue resistance which forms the primary focus of this 
thesis. 
Fatigue damage, in either neat or rubber-modified polymeric 
materials, may accumulate by either thermal or mechanical processes. 
Polymer thermal fatigue is caused by hysteretic heating which induces 
an escalating loss of modulus and an increase in specimen temperature 
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with each loading cycle. The rate at which heat is generated has been 
shown to rise proportionally with the damping capacity of the material 
and with test frequency, the square of the applied force, and the 
inverse of the damping modulus. (l 7) Thus, as heating occurs, further 
damping increases which contributes to a decrease in damping modulus; 
as such an auto-accelerating process is created involving specimen 
heating and eventual thermal failure. ASTM Standard D671-71 outlines 
a standardized test designed to measure such thermal fatigue behavior. 
However, because thermal fatigue is a function of both specimen 
geometry and loading frequency, the test provides data specific only 
to components of the same size, shape, and loading history as the 
samples tested. In spite of these shortcomings in test procedure, 
considerable work has been devoted to the study of thermal fatigue in 
1 (18,19) po ymers. 
Alternatively, mechanical fatigue may involve the initiation and 
subsequent stable propagation of a crack to a critical length at which 
point catastrophic fracture occurs. No definitive ASTM standard has 
been established to define fatigue crack initiation (FCI) in terms of 
the number of loading or straining cycles, Ni, required to develop a 
fatigue crack of some specific size. The "specific size" chosen by 
various investigators was somewhat arbitrary, and has varied from 
study to study. In one particularly useful study, Dowling(ZO) 
suggested that when a crack initiates from a stress concentration, 
such as a hole, an appropriate length to define FCI should be 1/20 -
1/4 times the radius of the hole. 
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In a well processed, isotropic component, crack initiation is 
most likely to occur at the free surface near a stress concentration 
such as a hole, groove, corner, or other abrupt change in geometry 
where local stresses are magnified. However, once initiated, cracks 
quickly grow into a regime where the overall stress level is consid-
erably reduced. Accordingly, the crack may cease to grow if the 
driving force is too low for further crack extension in the reduced 
stress field. Such a crack would then be expected to pose no immedi-
ate threat to the integrity of the components. For this reason and 
the fact that there may be significant plasticity at the notch root, a 
simple stress analysis based on an elastic stress concentration 
factor, may underestimate total fatigue life. The overall effect of a 
stress concentration on total fatigue life is of vital importance and 
h · d · , . h l' (21-25) as receive extensive attention int e iterature. 
Though notches may introduce local plasticity, the bulk of a 
component usually experiences essentially elastic behavior during 
fatigue loading. As a result, the plastic strains generated in the 
area of the notch fall under the influence of the elastic 
strain-controlled conditions enforced by the bulk. This situation has 
led some researchers to suggest that the FCI may be best described by 
a local strain approach. The premise of such an approach is that a 
given notch surface strain will always result in the same FCI life. 
Strain-controlled studies frequently employ an analysis in which 
cyclic strain is compared against the number of cycles necessary to 
initiate the onset of cracking. 
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Alternatively, a local stress approach has been used to model 
fatigue life. In such an analysis, total fatigue life (including both 
crack initiation and propagation) is related to the maximum stress 
experienced by a component. This relationship is typically plotted 
in 
terms of an S-N curve, where S refers to the magnitude of the al-
ternating stress applied, and N represents the total number of cycle
s 
necessary to both initiate and propagate a crack to failure, or 
produce a specifically defined loss in modulus. A comparative plot 
of 
S-N curves for a number of polymeric materials is shown in Figure 1. 
Note that many materials appear to reach a limiting stress below whi
ch 
fatigue failure will not occur within a practical lifetime. Howeve
r, 
real components sometimes fail at stress levels below this presumed 
"safe level". This apparent anomaly is caused by the fact that the 
smooth test bars used to generate S-N curves do not contain defects 
typically found in actual components. 
Despite the limitation just described, S-N type data are useful 
in comparing the overall fatigue resistance of various polymeric 
materials. This method of fatigue damage analysis has been used by 
researchers to analyze the effects of various material and test 
variables on total fatigue life. For example Sauer and 
co-workers(ZJ) 
demonstrated that increases in molecular weight produced significant
 
improvements in the fatigue resistance of polystyrene and 
polyethylene. Sauer further showed that this trend persisted above 
molecular weights above those at which static properties become 
effectively independent of molecular weight. By contrast, Woan et 
al. (ZS) reported that high impact polystyrene (HIPS) displayed total 
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fatigue lifes only 1/3 those measured in neat polystyrene (PS). Interestingly, the trends were reversed, with longer lifetimes being measured in the HIPS, when the stresses were normalized with respect to yield strength. (Z 9) Unfortunately, the significance of these findings is complicated by the fact that the neat PS tested was suspected to be of a higher molecular weight than the matrix phase associated with HIPS. Hutchinson and Benhem( 30) used an S-N type analysis to examine the influence of stress concentration severity on fatigue life in PVC. Their work showed that severe stress concentrations significantly reduced fatigue initiation lifetimes. This finding reinforced the important role that fatigue crack propagation plays on total fatigue life in notched specimens. Constable et al. (3l) similarly used an S-N analysis of PVC to analyze the various effects of blunt versus sharp notches on fatigue life. In this study the relative importance of the two stages of fatigue life were found to be a function of specimen geometry. 
A third method of fatigue damage analysis involves breaking the process down into two stages of defect development--fatigue crack initiation (FCI) and fatigue crack propagation (FCP). In recent years a great amount of attention has been given to FCP in 1 (1,31,32-37) po ymers. l.fuere estimates of service lifetimes require extreme conservatism, it is frequently prudent to base fatigue life estimates on the assumption that a processing or in-service flaw is inherent in a component. On that basis, life estimates may be made by choosing an initial flaw size and then analyzing the kinetics of crack 
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extension in terms of linear elastic fracture mechanics principles. 
Such an analysis involves the use of the stress intensity factor, K, 
which describes the severity of stress at a crack tip. The stress 
intensity factor is defined by the following equation: 
(1.1) 
where Y is a calibration factor which accounts for variations in 
specimen geometry, cr is the applied stress, and a is the crack length. Under cyclic loading conditions, K is replaced by ~K--the difference 
between the applied maximum and minimum stress intensity levels. 
Paris( 3S) showed that ~K could be used to relate crack extension, 
da/dN, to the local stress amplitude at the crack tip. Mathematical-
ly, this relationship takes the form: 
da/dN = A llKm 
(1. 2) 
where A and mare material variables. The analysis has prompted the generation of a large body of da/dN vs. 6K data. (l,J6, 37 , 39 , 4 l) A 
typical plot of such data is shown in Figure 2. Plots of this type 
are used extensively by investigators to compare the relative FCP 
resistance of various polymeric solids. In contrast to the studies 
previously described, based on unnotched samples, this technique has 
been used by researchers to analyze the effects of various material 
and test variables solely on the propagation portion of fatigue life. 
For example, studies designed to examine the effects of molecular 
weight (M) on FCP have consistently shown that increases in M w 
w improve crack propagation resistance (PVC (4z, 43), Nylon( 44 ) and 
PMMA( 45>). Recall that this finding parallels that of Sauer and 
co-workers who reported increases in total fatigue life associated 
10 
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with increases in M. Similarly, the addition of even a small amount w 
of a high-M component to a low PMMA matrix was shown to measurably w 
improve propagation resistance. (46 ) The rationale described by 
Hertzberg and Manson(!) for these observations is based on the role of 
molecular-weight in controlling the stability of crazes ahead of the 
advancing crack. In such a model, only molecules longer than some 
characteristic length would form an effective entanglement network by 
spanning the width of the craze. Furthermore, high-M species would w 
further stabilize the craze by enhancing the effectiveness of orien-
tation hardening. Theoretical analyses conducted by Michel (4 I) 
substantiated these assumptions by successfully relating M to a model w 
of craze stability dependent on molecular chain entanglements. 
Fatigue crack propagation studies designed to examine the effect 
of the addition of a rubber phase on FCP have shown that, in general, 
the addition of rubber improves FCP resistance by lowering crack 
h d . i K (34,37,47,48) E . h' fi d' growt rates an rais ng re· xceptions tot is n ing 
were reported, however, for nylon materials which proved to be suscep-
tible to damage from hysteretic heating( 37) and in epoxy resins for 
which the addition of rubber caused a complicated failure response 
dependent upon the frequency and K level tested. <49) In contrast with 
the unnotched studies previously described, many of the studies 
designed to analyze the effects of a rubber addition on FCP behavior 
were cond,icted on sets of neat and rubber modified matrices of the 
same M. 
w 
Both scanning and transmission electron microscopy techniques 
have been used extensively in the analysis of FCP damage 
12 
h . (1,2,15,32,36,50) mec anisms. Two important morphologies which have 
been identified are striations and discontinuous growth bands (DGBs). 
Both appear as parallel bands normal to the direction of crack growth. 
Striations mark the location of the crack front after each loading 
cycle. In contrast, a single DGB forms after hundreds, or thousands 
of loading cycles. During DGB formation, crack growth occurs alterna-
tively with arrest periods during which the craze at the tip of the 
crack lengthens and thickens. At some critical point the crack then 
strikes through the craze and the damage event is repeated. 
A comparison of the results obtained by the two quantitative 
methods of fatigue damage analysis described, presents a number of 
interesting lacunae and dichotomies. If the effect of M on fatigue w 
resistance is considered, it has been shown that both total fatigue 
life (NT) and FCP life (Np) increased with increasing Mw. No conclu-
sive statements, however, may be made from the combined analysis as to 
what, if any, effect Mw has on FCI life (Ni). 
A comparison of the relative rankings of various polymeric 
For 
material terms of Nt and Np presents disturbing dichotomies. 
example, epoxy is shown in Figure 1 to display greater total fatigue 
resistance than either nylon of PVC. Yet, as shown in Figure 2, both 
nylon and PVC provide greater resistance than epoxy to fatigue crack 
growth. Logic would dictate that the discrepancies in fatigue behav-
ior must be occurring in the initiation portion of fatigue life. 
However, one may only hypothesize how FCI and FCP will balance in a 
given material application. 
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A comparison of the effects of the addition of a rubbery second 
phase on NT and Np, displays a second dichotomy. As previously 
described, Woan et al. (ZS) reported shorter total fatigue lifetimes 
for HIPS than PS. (Although, again it is noted that the matrix in the 
HIPS was presumed to be of a lower M than that of the neat.) On the 
w 
other hand, Skibo(47 ) showed that rubber modification lengthened 
fatigue crack propagation lifetimes in PVC and nylon. In order to 
reconcile these dissimilar results, both the initiation and propa-
gation stages of fatigue life must be fully characterized. 
The need to better understand the FCI behavior of neat and 
rubber-modified polymers represents the basis of this thesis. 
The primary objective is: 
To isolate and examine the effects of M and volume content 
w 
of a rubbery second phase on the FCI behavior of a well 
characterized PVC system. The examination of fatigue crack 
initiation behavior will include: determination of fatigue 
initiation lifetime as a function of stress; analysis of 
fracture surface appearance in the initiation regime, and 
the effects of rubber morphology on initiation behavior. 
The secondary objective is: 
To isolate and examine the effects of a rubbery phase 
addition on the fatigue initiation behavior of two different 
polymers--a thermoset epoxy resin and semi-crystalline nylon 
66 thermoplastic resin. 
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2. EXPERIMENTAL PROCEDURE 
2.1 Materials and Properties 
2.1.1 Poly(vinyl chloride) 
The PVC materials used in this study were part of a series 
of thermally stabilized, milled, and compression molded plaques 
supplied by the B.F. Goodrich Company. The materials tested have been 
h . d l h (34,36,51-53) . . c aracterize e sew ere, and included a matrix of two 
different weight-average molecular weights (5.3 and 7.5 x 104) each 
containing three levels of methacyrlate-butadiene-styrene (MBS) 
elastomer (0, 6 and 14 parts per hundred-phr). Selected results from 
the previous studies appear in Table 2-1. 
Preliminary transmission electron microscopy studies were con-
ducted by Rimnac.< 36 ) Rimnac found that the MBS particles were 
approximately 0.07 µmin diameter and sometimes clustered into aggre-
gates having an average diameter of 0.15 to 0.20 micrometers. These 
dimensions correspond well with the manufacturer's specifications. 
Fatigue crack growth rates of these PVC blends were measured by 
Rimnac and Skibo and correlated as a function of the stress intensity 
· factor range ~K. <34 ' 36) FCP resistance was shown to increase with 
increasing M in both the neat and the modified blends. Furthermore, 
w 
at a fixed M, the inclusion of 6 phr MBS was shows also to increase 
w 
FCP resistance, though the addition of up to 14 phr showed no further 
beneficial effect. The fracture surface markings found in these 
materials were also characterized. (36) 
2.1.2 Epoxy 
The epoxy materials used in this study were prepared by 
15 
I-' 
°' 
TABLE 2-1 - MATERIALS 
Polymer Designation 
PVC/MBS 132-1 
132-2 
132-4 
134-1 
134-2 
134-4 
Epoxy/CTBN Control 
3-15 
Nylon 66/ST801 Neat 
Impact Modification 
Modification 
phr 
0 
6 
14 
0 
6 
14 
0 
15 
0 
25% 
(a) 
(b) 
(c) 
(d) 
PVC (52), 
PVC (51), 
PVC (34), 
PVC (53) , 
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Hwang using a low-molecular-weight liquid diglycidyl either of 
bisphenol A (DER 331) obtained from the Dow Chemical Company. The 
curing agent used was an aliphatic diamine (Jeffamine D-23) supplied 
by the Jefferson Chemical Company. Carboxy-terminated acrylonitrile 
butadiene (CTBN) rubbers, obtained from the Spencer Kellogg Division 
of Textron, Inc., were used in formulating the toughened blend. A 
detailed description of the processing procedure is given by Manson et 
al. <49) The epoxy-/CTBN system has been extensively characterized by 
J. Hwang with selected results from his work shown in Table 2-1. 
Transmission electron microscopy was used by Hwang to determine the 
size and distribution of the rubbery phase in the modified epoxy. The 
CTBN was found to be in the form of particles 0.09-0.27 µmin 
diameter. 
The FCP behavior of the epoxy material has been characterized by 
Hwang in terms of fatigue crack growth rates and fracture surface 
appearance. <49 ) FCP resistance was found to be a complex function of 
stress level, frequency, and percent rubber modification. Of 
relevance to this study, the addition of 15 phr CTBN improved FCP 
resistance over that exhibited by the neat resin at all stress 
intensity levels at a test frequency of 20 Hz. 
2.1.3 Nylon 
The nylon specimens used in this study were obtained from 
DuPont and were machined from injection-molded plaques in the dry, 
as-molded condition. The two materials tested included a neat nylon 
66 (Zytel 101) and an impact-modified nylon containing 50% Zytel 101 
17 
and 50% Zytel ST801, the latter being a blend containing partially 
crossed-linked ethylene-propylene-diene monomer rubber (EPDM) spheres 
within a nylon 66 matrix; EPDM rubbery particles were added to enhance 
toughness. <54) The size and distribution of the modifying phase was 
studied by Hahn using transmission electron microscopic techniques. 
The modifying phase was found to be in the form of 0.2-0.8 micrometer 
spheres, which in the 50% blend, tended to agglomerate much like the 
spheres in the PVC blends. Crack growth rates for these materials 
have been fully characterized by previous researchers. ( 37 , 44) Of 
relevance to this study is the fact that the impact modified blend 
(dry condition), containing 50% Zytel 101 and 50% ST801, was found to 
have greater FCP resistance than its neat counterpart at all stress 
intensity levels. Selected results from the gel permeation 
chromatography tests conducted by Bretz appear in Table 2-1. 
2.2 Specimen Preparation 
Fatigue specimens, cut from plaques and previously tested compact 
tension samples, were machined in the form of four point bend bars. 
Each bar was 31.75 mm long, 6.6 mm thick, and 11.18 mm deep, and con-
tained a semicircular notch with a radius of 1.59 mm. To facilitate 
testing, steel extension tabs were fastened to the polymer samples so 
as to provide an overall sample length of 95.25 mm. A diagram of the 
sample and loading point positions is found in Figure 3 with the 
distance between the inner loading pins 76.2 mm and th2 outer loading 
pins 88.8 mm. 
Particular care was taken in machining the notch. In order to 
avoid cracking and plastic deformation during specimen machining, the 
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Figure 3: 
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Four point bend bar sample and loading point 
positions used in generating FCI data. 
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notch was prepared by a series of graduated steps. This cutting 
procedure was performed under water on the low-molecular-weight PVC 
specimens to minimize heat damage. The surface of all notches were 
carefully polished by an automated procedure similar to a manual one. 
described by Braglia. (55) For this study, a mechanical apparatus, 
shown in Figure 4, was designed to slowly rotate a wooden dowel coated 
with six µm diamond paste until the surface of the notch obtained a 
mirror-smooth finish and appeared uniform at a magnification of 35x. 
2.3 Fatigue Crack Initiation Testing 
Fatigue tests were conducted on a closed-loop electro-hydraulic 
testing apparatus using Instron electronics. All tests were conducted 
in four-point loading and samples cycled at 20 Hz in laboratory air 
and at ambient temperatures. A sinusoidal waveform was used with a 
minimum to maximum stress ratio of 0.1. A traveling microscope with a 
magnification of 32x was used to optically monitor crack extension. 
Deflection tests were conducted on each material to monitor non-linear 
behavior by measuring vertical displacement of the notch root from the 
unloaded position over a range of loads (see Figures 5 and 6). In the 
nylon material, crack tip temperatures were monitored using a Barnes 
Engineering RM-2B infrared (IR) microscope. 
2.4 Established Parameters 
For the purposes of these tests, initiation life (N.) was defined l 
as the number of cycles necessary to develop a fatigue crack 0.25 mm 
in length. Notch root stress was calculated as the product of the 
applied stress and the elastic stress concentration factor (kt) for a 
20 
Figure 4: Mechanical apparatus used to polish sample 
notches, A wooden dowel, coated with six µm 
diamond paste, slowly rotated in the notch 
root. 
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1·5 
bend bar with a semicircular edge no
tch. (S6) This calculation notch 
root stress was made as follows: 
Notch root stress= (6 PS/2 hd
2 ) x k t 
(2.1) 
where Pis the load (Newtons), Sis the span 
between the inner and 
outer loading points (meters), his the speci
men thickness (meters), 
and dis the depth of the beam minus 
the radius of the notch (meters). 
Some of the calculated notch root str
esses were above the nominal 
yield strength of these materials. 
As shown in Section 2.3, these 
materials display non-linear load di
splacement behavior above certain 
load levels. It follows, therefore, 
that in such cases a zone of 
plastic yielding existed at the notch
 root. As such, the actual local 
stresses at the notch root cannot be 
computed precisely as ktcr and 
that such values must be viewed as e
stimates of the stresses at the 
notch root. 
2.5 Microscopy 
Fracture surfaces were examined using
 a Zeiss Axiomat optical 
(reflected light) microscope and an ETEC scan
ning electron microscope 
(SEM) at an accelerating voltage of 20 kV. A
ll SEM specimens were 
sputter-coated with a gold-palladium
 alloy prior to examination. 
The size and distribution of the MBS 
particles were characterized 
by viewing microtomed thin films on 
a Philips 400 TEM at an accelerat-
ing voltage of 120 kV. Rubber modif
ied PVC samples were selectively 
stained by exposure to osmium tetraox
ide (Os04). <
56a) The Oso4 reacts 
with the unsaturated carbon double b
onds in the polybutadiene phase, 
thus enabling resolution of the MBS 
particles by absorption contrast 
in the TEM. 
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3. RESULTS AND DISCUSSION 
3.1 TEM Examination of Rubber Morphology in PVC/MBS Blends 
The size and distribution of the MBS particles in the PVC blends 
were examined as a function of matrix M and percent rubber content. 
w 
Microtomed thin films were selectively stained by exposure to Oso4 
which enables resolution of the MBS by absorption contrast in the TEM, 
as described in the Experimental Procedure. 
The micrographs in Figures 7a and 7b depict representative views 
of the 6 phr MBS blends at the two molecular weight levels studies 
(5.3 and 7.5 x 104). No obvious differences appear to exist. Both 
blends reveal both discrete particles and clustered aggregates of MBS. 
On the other hand, Figures Sa and 8b, which are typical micrographs of 
the 14 phr MBS blends at the same two M levels do show obvious w 
differences in morphology. In the 14 phr MBS low-M blend, the rubber w 
particles again appear both separately and in spherical aggregates of 
varying size. In fact, the relative size distribution of aggregates 
in the 14 phr MBS low-M blend is shown to be similar to that found in 
w 
the 6 phr MBS low-M blend as depicted in a bar graph in Figure 9. In 
w 
contrast, particle clusters appear less distinct in the 14 phr MBS 
high-M blend; instead, a network or necklace-type morphology is 
w 
formed. Higher magnification photographs of the same blends, as shown 
in Figures 10a and 10b, reveal a slight difference in the size of 
individual particles. Measurements show that the particles in the 14 
phr MBS high-M blend are smaller (0.08-0.09 µmin diameter) than 
w 
those in the other blends (0.12-0.13 µmin diameter). This size 
difference had not been specified in the manufacturer's description of 
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Figure 7: 
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(a ) 
(b) 
Thin film transmission micrographs of the 6 phr MBS/PVS blends with (a) high and (b) low-M matrices. 
w 
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Figure 8: 
(a) 
(b) 
Thin film transmission micrographs of the 14 
phr MBS/PVC blends with (a) high and (b) 
low-M matrices. 
w 
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Figure 10: 
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(b) 
Higher magnification view of ru
bber 
morphology of the 14 phr MBS/PV
C blends with 
(a) high and (b) low-M matrices showin
g both 
clusters and discrete particles
 of MBS. 
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the material nor was it identified in earlier preliminary examina-
tions. (36) 
3.2 Fatigue Crack Initiation in PVC 
3.2.1 Effect of Molecular Weight 
The effect of M on the fatigue crack initiation (FCI) w 
lifetime of two neat PVC materials (M of 5.3 and 7.5 x 104, respec-w 
tively) is shown as a function of stress in Figure 11. It is clear 
that FCI lifetimes increase with M. As was previously reported, w 
Skibo( 34)and Rimnac( 36) found that increasing M similarly improved w 
FCP resistance. Therefore, one can now conclude that the reported 
beneficial effect of increasing M on total fatigue life( 33 ) reflects w 
a combination of improvements in both the initiation and propagation 
stages of fatigue life. 
Increases in FCP resistance with increasing M have been attrib-w 
uted to the enhanced effectiveness of molecular chain entanglements 
which increase craze strength and stability. As was discussed in the 
Introduction, crack propagation has been shown to be dependent on the 
stability of crazes ahead of the advancing crack. Molecules longer 
than some characteristic length are necessary to form an effective 
1 k h . h h idth f the craze. (l, 4 l) I 
entang ement networ, w ic spans t e w o n 
addition high-M species further stabilize the craze by enhancing the w 
ff · f · · h d . (l) S. ld t. . t 
e ectiveness o orientation ar ening. ince one wou an icipa e 
these same mechanisms to be involved in fatigue crack initiation, it 
is not surprising that FCI resistance is shown here to similarly 
increase with M. 
w 
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Although Rimnac(S 7) showed that FCP resistance increased with 
increasing M at all LlK levels, the relative change in growth rate 
w 
resistance decreased as an exponential function of (1/M ) , 
w 
If the 
parallel effects of M on FCI and FCP are, indeed, both related to 
w 
increased craze stability, then one might hypothesize that the rela-
tive FCI dependence on M would similarly diminish with increasing M. 
w w 
3.2.2 Effect of Rubber Modification 
The effect of the addition of varying amounts of MBS on FCI 
resistance is shown here to be a complex function of percent rubber 
addition and matrix M. Figure 12 reveals FCI lifetimes as a function 
w 
of calculated notch root stress for a high-M matrix containing 0, 6 
w 
and 14 phr MBS, Note that the specimens containing 14 phr MBS show 
consistently shorter lifetimes than those measured for the neat 
polymer. Moreover, the specimens containing 6 phr MBS also tend to 
show shorter lifetimes than the neat PVC, though not to the extent 
shown for the 14 phr MBS blend. By contrast, the same percentages of 
rubber addition in the low M materials generally produce longer FCI 
w 
lifetimes than the neat polymer of the same M (Figure 13). Note that 
w 
in both plots the shape of the curves corresponding to the 14 phr MBS 
blends differ from the others in that a stress plateau is developed at 
short lifetimes. This behavior corresponds to the development of 
cloudy regions of diffuse damage in the notch root regions of these 
specimens and suggests global damage and/or the presence of an 
additional damage mechanism. Beardmore and Rabinowitz(SS) noted a 
similar response in strain versus fatigue life plots in materials that 
underwent pronounced crazing at high stress levels. 
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A comparison of the FCI behavior outlined above with that of the 
FCP behavior previously documented( 34 , 36) suggests a number of paral-
lel trends. As previously described, FCP resistance was shown to be 
beneficially influenced by rubber modification at all Ms, though the 
w 
relative magnitude of the effect was found to be larger in the lower 
M material. Likewise, in the FCI data presented in this study, there w 
is a relatively more beneficial effect of rubber modification on FCI 
lifetimes in the lower M material. For example, at a 6K of 0.7 w 
MPa/;, Rimnac(JS) showed that the addition of 6 phr MBS in the low-M 
w 
matrix resulted in a 4.3-fold improvement in FCP resistance; the 
addition of 14 phr MBS similarly provided a 3.4-fold improvement in 
FCP resistance over that corresponding to the neat material. At the 
same AK level in the high-M matrix, the addition of 6 phr }IBS result-w 
ed in a 3.0-fold improvement in FCP resistance, whereas the addition 
of 14 phr MBS resulted in only a 1.6-fold improvement in FCP resis-
tance as compared with the equivalent neat material. By comparison, 
the FCI data show that for a calculated notch root stress of 50 MPa in 
the low M matrix, the addition of 6 phr MBS resulted in a 1.8-fold w 
increase in FCI resistance as compared with the neat polymer; the 
addition of 14 phr MBS resulted in a smaller 1.3-fold increase in FCI 
resistance over the neat material. At the same stress level in the 
high-M matrix, the addition of 6 phr MBS resulted in a 1. 9-fold w 
decrease in FCI resistance of the high-M matrix with the addition of w 
14 phr MBS resulting in a 4.0-fold decrease in FCI resistance over 
that experienced by the neat polymer. 
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It is not entirely clear why the effect of rubber modification on 
FCI resistance is a function of matrix M, appearing beneficial in the w 
lower M blend, yet deleterious in the high-M blends. Skibo et w w 
al.< 34) argued that, in FCP of PVC, the addition of MBS creates a 
dynamic balance between rubber-induced toughening, due to the ability 
of the rubber to induce shear yielding and crazing, and rubber-induced 
softening due to a reduction in blend stiffness. They further sug-
gested that the larger beneficial effects of rubber additions on FCP 
response in the lower M material was attributed to the relatively w 
more important role of rubber-induced toughening in such materials 
where fewer toughening mechanisms exist. A similar rationale may be 
used to evaluate the present data. It is assumed that a similar 
competition exists during the initial stage of fatigue life between 
the beneficial effects of adding a rubbery phase on diffusing damage 
through rubber-induced toughening and deleterious effects of the 
rubbery phase in establishing preferential sites for damage initiation 
and rubber phase-induced reductions in yield strength and modulus. If 
one is to assume that rubber-induced toughening is relatively less 
important in the high-M matrix as compared with the low-M material w w 
(as described by Skibo for FCP), then one would predict that the 
deleterious effect of rubber-induced softening on FCI resistance would 
be most pronounced in the high-M materials. This hypothesis appears w 
consistent with the results of this study. 
The fact that the largest deleterious effect on FCI resistance 
was reported for the 14 phr MBS high-M blend suggests a second w 
possible explanation for the conflicting trends observed in FCI 
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resistance. Recall that, in contrast with the 6 p
hr MBS blends, 
transmission electron microscopy revealed obvious 
differences in 
rubber morphology in the 14 phr MBS blends as a fu
nction of M (see w 
section 3.1). In the 14 phr NBS low-M blend, the rubber a
ppeared both 
w 
in the form of particles of 0.08-0.09 µmin diame
ter, and in 
near-spherical aggregates of varying size. In the
 14 phr MBS high-M w 
blend, the individual particles were measured to b
e over 30% smaller 
and the clusters appeared less distinct. Furtherm
ore, the particles 
tended to fonn a network or necklace-type morpholo
gy. It is possible 
that these differences in the substructure of the 
blends may, form a 
basis for the observed FCI behavior noted. Matsuo
 0 4) studied the 
effects of rubber morphology on the initiation and
 extension of damage 
in rubber-modified PVC systems under flexural stre
ss. His work showed 
that when rubber particles were distinct and rando
mly distributed, 
crazes tended to initiate at one particle and exte
nd into the matrix. 
By contrast, in blends in which the rubber formed 
a network structure, 
crazes tended to propagate easily along the rubbe
r network. In a 
d M d
(59) h . . d b 
secon paper atsuo reporte tat impact resi
stance appeare to e 
improved by the extensive crazing which occurred 
in the polymers 
containing network-type morphologies. Recently S
iegmann and Hiltner 
f . d h. b ' (
60) N bl. h d k d h 
con 1rme t 1s o servat1on. o pu 1s e w
or s, to ate, ave, 
however, specifically examined the effect of a ru
bber network 
substructure on fatigue resistance. If the neckl
ace-type morphology 
observed in the high-M 14 phr MBS blend (see Figure 8a) were
 to act 
w 
as a continuous network and, as such be less effe
ctive in terminating 
damage during FCI, the shorter initiation lives o
bserved in this 
38 
material might be rationalized. It is possible that the viscosity of 
the polymer forming the matrix plays a role in defining the 
distribution of the rubber particles after mixing. If such were the 
case, then one might anticipate difficulties in processing high-M w 
blends might result in the development of morphologies similar to 
those observed. 
The effectiveness of rubber-induced toughening in the 14 phr MBS 
high-M blend may also have been reduced by the fact that the indi-
w 
vidual rubber particles were found to be smaller than in the other 
three blends. Others have shown that for the case of impact loading, 
small particles are less effective in terminating crazes than 
particles of a larger size.(S) 
The results of this study, describing the effects of M and w 
percent rubber content on FCI behavior, are summarized graphically in 
Figure 14. This figure illustrates a three-dimensional plot showing 
the interactive effects on FCI life of M and percent rubber under the w 
condition of a moderately large notch root stress. Note that the 
longest initiation lives are seen in the neat, high-molecular-weight 
PVC and that initiation lifetimes are shortened significantly by 
either the introduction of a rubbery second phase or a reduction in 
molecular weight. Furthermore, the dominant role of M in controlling w 
FCI resistance is noted by the fact that the worst case (14 phr MBS) 
high-M initiation lifetime is greater than that best case (6 phr MBS) 
w 
low-M initiation lifetime. 
w 
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3.3 Fractographic Analysis of PVC Blends 
3.3.1. Macromorphology 
The examination of fatigue damage extending from a mild 
stress concentration is of practical as well as academic importance. 
At a given applied stress level, the number of initiation sites is 
inversely related to the severity of the stress concentration at the 
notch root (as determined by the notch). The use of a relatively mild 
stress concentration (kt= 1.93) in this study resulted in the devel-
opment of multiple crack initiation sites in nearly all of the speci-
mens tested. In general, the degree of crack multiplicity increased 
with increasing notch root stress. Figure 15 shows a typical PVC 
specimen containing numerous initiation sites. This type of damage 
distribution is representative of that observed in most of the neat 
and rubber-modified blends tested. In the rubber-modified materials 
tested at very high stress levels, a cloudlike type of damage forma-
tion was observed instead of the formation of individual cracks 
(Figure 16). As previously described, this type of damage suggests 
the presence of global damage and/or the presence of an additional 
damage mechanism. Nearly all of the specimens tested displayed some 
amount of stress whitening on the fracture surface. In general, the 
intensity of specimen whitening increased with applied stress level 
and the amount of rubber phase added, in a manner similar to that 
reported earlier in FCP studies. 
In some instances, both the neat and rubber-modified specimens 
revealed that crack initiation was preceded by a damage zone visible 
only when viewed with reflected light from above the damage plane. 
41 
Figure 15: Typical specimen containing multiple 
initiation sites at notch root. 
42 
Figure 16: Highly stressed rubber-modified specimen 
containing a cloudlike damage zone at the 
notch root. 
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After extending to a length of approximately 0.1-0.2 mm, this early 
damage zone (presumably a craze) became detectable in the travelling 
microscope, as viewed along a horizontal line in the plane of the 
damaged plane. This observation corresponds with similar findings by 
Rimnac et al. ( 36 ) which were attributed to the fact that some critical 
level of damage within the craze is necessary in order for the craze 
to be resolved in profile. 
Damage tended to concentrate in the central region of the notched 
area where triaxial stresses are greatest. The development of numer-
ous parallel and colinear cracks resulted in a complex array of 
interacting crack tip stress fields. It has been shown(6l) that 
coplanar cracks (near enough to interact) grow more quickly than a 
single crack, whereas nearly parallel cracks diffuse damage in such a 
way as to result in slower growth than that which would be expected 
from a single crack. The complicated stress fields, associated with a 
combination of coplanar and parallel cracks, precluded a simple 
analysis of crack growth based on the extension of a single 
semicircular initiation site. 
3.3.2 Micrornorphology 
3.3.2.1 Effect of M on the Fracture Appearance of Neat PVC w 
in the Initiation Regime 
The complicated stress field described above eventually 
leads to the development and growth of a single crack. Optical and 
scanning electron microscopic techniques were used to characterize the 
fracture appearance in the initiation regime of the various materials 
44 
studied as a function of M, percent rubber content, and applied 
w 
stress level. 
Discontinuous crack growth represented the primary fracture 
mechanism outside the initiation regime in the two neat PVC materials 
studied. As a result, these specimens clearly displayed over the bulk 
of their fracture surfaces discontinuous growth bands which were 
similar in appearance to bands reported by Rimnac( 36) during propa-
gation studies of these materials. Interestingly, however, DG bands 
did not extend back to the point of crack initiation. Instead, the 
fracture surfaces in the initiation regime revealed small, shiny, 
thumbnail-shaped regions beyond which DG bands formed. The size of 
the thumbnail-type formations varied as a function of M, as shown in w 
Figures 17a and 17b. In the higher-M material, these near-w 
semicircular formations had a radius of 0.15-0.4 mm but ranged in size 
from a radius of 0.03-0.06 nun in the low-M material. No consistent w 
variation in thumbnail size was noted in either set of samples as a 
function of the applied stress level or the number of initiation sites 
in the fracture plane. At higher magnification, these thumbnail-type 
regions were found to be unusually flat, as shown in Figure 18. A 
near featureless surface such as that seen in the initiation area is 
reminiscent of the fracture markings left by patch-type fracture 
usually associated with rapid crack growth through a pre-existing 
craze. In this instance, the crack passes along a craze/matrix 
interface. The lack of evidence of microvoiding in these micrographs 
contrasts with that which is seen on the fracture surface associated 
with DGB formation; in the latter case, the crack passes through the 
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Figure 17: 
( a ) 
(b) 
1001,1,11 
SEM fractographs showing the effect of M on 
w the fracture surface appearance of the 
4 initiation regime4in PVC (a) Mw = 7.5 x 10 . (b) M = 5.3 x 10. w 
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Figure 18: Higher magnification view of thumbnai
l4type 
initiation sites in PVC (M = 7.5 x 10) 
revealing relatively featu¥eless morphology. 
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midrib of a craze. The shift from a matrix/craze interfacial failure 
in the initiation regime to a craze midrib failure in the propagation 
regime must reflect the fact that the midrib is not as fully developed 
in the initial craze damage zone as in the crazes which comprise the 
discontinuous growth portion of the fracture process. Since DG bands 
were related to the breakdown of a single craze at a crack tip, one 
may also hypothesize that the transition noted here from interfacial 
to midrib failure may also involve a decrease in the multiplicity of 
crazing. When a craze is located at the leading edge of a propagating 
crack, the mouth of the craze is forced open by the very high stresses 
immediately ahead of the crack tip. This type of stress gradient 
would tend to encourage failure to proceed through the weakened 
midrib. On the other hand, in the absence of a crack (i.e. during the 
initiation stage) the stress gradient across the craze would only be 
under the influence of the stress concentration gradient created by 
the blunt notch; such a gradient apparently encourages the development 
of a different failure path. Regardless of the exact nature of the 
mechanisms involved, the observed size of the thumbnail initiation 
zone varied with M in a manner that parallels the relationship w 
between craze stability and FCI resistance in these materials. 
3.3.2.2 Effect of Rubber Modification on the Fracture 
Appearance of PVC Blends in the Initiation Regime 
With the addition of rubber in the high-M blends, the w 
appearance of the fracture surface changed dramatically. Figure 19a 
is representative of the 6 phr MBS high-M blend. It is clear from w 
the micrograph in Figure 19a that this material displayed 
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Figure 19: 
(a) 
100µm 
(b) 
Thumbnail-type initiation sites in 6 phr 
MBS/PVC high-M blend shown at two 
magnifications~ (a) lOOx (b) 3000x. 
49 
thumbnail-type regions of ge
nerally similar appearance t
o those seen 
in the neat polymer, though 
much smaller in size (0.05 to 0.1 
mm in 
radius, as compared with 0.1
5-0.4 mm in the neat resin). A cl
oser 
observation at high magnific
ation, as shown in Figure 19
b again 
revealed morphological simi
larities with the thumbnail 
regime possess-
ing a relatively featureles
s surface morphology. Unlik
e the two 
materials just discussed, the fractu
re appearance in the 14 phr
 
high-M blend contained no t
humbnail-like formations, th
ough the 
w 
overall appearance did appea
r to vary as a function of s
tress level. 
In samples tested at the hig
her stress levels, the frac
ture surface 
displayed extensive drawing 
and plastic deformation, as 
shown in 
Figures 20a and 20b. Recal
l that these same specimens 
displayed a 
cloudlike damage formation p
rior to visible crack extens
ion. In the 
specimens tested at stress l
evels below that associated 
with the 
generation of cloudlike dam
age, less drawing and plasti
c deformation 
was observed, though the app
earance, as seen in Figure 2
1, is still 
significantly rougher than 
that seen in either the nea
t or the 6 phr 
MBS blend. Such roughness i
ndicates that damage has bee
n dissipated 
over a greater volume within
 the sample. Crack initiati
on took place 
along a sloped ridge and sug
gests the involvement of a s
hear-type 
damage mechanism (Figures 22a and 
22b). The observation that a 
distinct fracture feature is
 unique to the 14 phr MBS hi
gh-M blend is w 
particularly interesting sin
ce this material showed the 
most adverse 
effect of rubber addition on
 FCI behavior. The appearan
ce of a shear 
mechanism being involved in 
the initiation stage is also
 interesting 
since it suggests that the 
addition of rubber causes a 
continuous 
50 
Figure 20: 
(a) 
10011m 
-
(b) 
Fracture appearance of the initiation regime 
in 14 phr MVS/PVC high-M blend and a high 
'W 
stress level (lia•k = 66 MPa) sho,;,m at two 
magnifications. (i) lOOx (b) 3000x. Note 
contrast in appearance between Figures 19b 
and 20b. 
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Figure 21: 
100Jjffl 
Fracture appearance of the initiation regime 
in 14 phr MBS/PVC high-M blend at a low 
w stress level (~o·kt = 25 MPa). 
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Figure 22: 
(a ) 
(b) 
Fracture appearance of the initiation regime 
in 14 phr MBS/PVC high-M blend showing a 
shear-type ridge (llcr•k ~ 66 MPa). (a) Arrow 
indicates shear ledge;t(b) high magnification 
view of shear ledge. 
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shift in the mechanism from decohesion at the craze matrix interface 
of an initially stable craze(s) to shear yielding through the matrix. 
It is interesting to note that similar changes in the fracture 
appearance in the initiation regime occurred with either the addition 
of 6 phr MBS to a high-M blend or the reduction in matrix M in the w w 
neat PVC (see Figures 17b and 19a). The fact that the latter was 
correlated with decreasing craze stability raises the question as to 
whether rubber modification might similarly impede effective craze 
growth. Though the largest distinct aggregates observed measured only 
0.6 µmin diameter as compared with craze lengths on the fracture 
surface which measure up to 800-5,000 times that dimension, it is 
possible that these small rubber particles and/or their aggregates 
effectively block the development of the matrix craze. This 
hypothesis may be partially substantiated by the finding that stable 
DGB formation is similarly disrupted by the addition of a rubbery 
(36) . (62) phase. More recently, Hiltner et al. noted that rubbery 
additions tended to increase the diffuseness of crazes in 
styrene-based blends. 
In the low-M blends, relationships between the addition of w 
rubber and the lengths of the thumbnail-type regions appeared less 
distinct. Small thumbnails ranging in size from 0.01 to 0.04 mm were 
found in both the 6 and 14 phr HBS blends (Figures 23 and 24). 
Further research on this subject is warranted. 
3.4 Effects of M and Rubber Modification on Total Fatigue Life 
w 
Based on this study and previous research, one may conclude that 
total fatigue life is beneficially affected by an increase in matrix 
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Figure 23: Thumbnail-type initiation sites in 6 phr 
MBS /PVC low-M blend ( t.a • k = 36 MP a) . 
w t 
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Figure 24: Thumbnail-type initiation sites in 14 
phr 
MBS/PVC low-M blend (6o•k = 66 MPa). w t 
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M • The addition of a rubbery second phase appears to influence 
w 
overall fatigue resistance in a complex manner. In the cases of a 
high-M matrix, a competition is established between decreased FCI 
w 
resistance and enhanced FCP resistance. Table 3-1 summarizes the 
observed number of cycles spend during the initiation and propagation 
stages prior to final fracture, for a select set of neat and 
rubber-modified high-M specimens tested in this study. Also included w 
is the relative percent of total fatigue life spent during the 
initiation stage. It is seen that at the highest-M , FCI lifetimes w 
tend to be shorter in the NBS blends than in the neat polymer at the 
same stress levels. Yet, the trend reverses at the lower M with FCI w 
lifetimes tending to be longer than the neat polymer at the same 
stress level. At some of the stress levels tested, FCP lifetimes are 
seen to be longer in the blends than in the equivalent neat polymer in 
accordance with Rimnac' s FCP studies. ()
6 ) A comparison of total 
fatigue life shows that for the specimen geometry and stress levels 
chosen in this study, the addition of rubber deleteriously influences 
total fatigue lifetimes in the high-M blends and beneficially w 
influences total fatigue lifetimes in the low-M blends. w 
Attempts were made to compute the total fatigue lifetime for the 
present specimen by combining the initiation data obtained in this 
study with propagation data from Rimnac's crack propagation studies. 
Calculations based on the latter propagation data consistently under-
estimated the number of cycles spent during the propagation stage of 
the samples examined in this study. The discrepancy was caused by the 
fact that the notch root contained multiple co-planar cracks which 
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TABLE 3-1 
OBSERVED NUMBER OF CYCLES SPENT DURING THE INITIATION AND 
PROPAGATION STAGE PRIOR TO FINAL FRACTURE FOR A SELECT SET OF NEAT AND 
RUBBER-MODIFIED SAMPLES 
Neat PVC 6 phr MBS 14 phr MBS 
High M 
w-
~a•kf N. Np Ni/NT NT Ni ~ Ni/NT NT Ni Np Ni/NT (MP a 1. 
-
90 1,100 3,440 24% 4,540 "'700 830 46% 1,530 250 2,750 8% 
1,500 5,000 23% 
66 16,000 14,000 53% 30,000 10,000 13,750 42% 23,750 4,500 12,500 26% 
48 78,800 53,630 60% 132,430 15,000 17,600 46% 32,600 28,500 52,600 35% 
36 137,900 50,100 74% 188,000 72,000 27,000 72% 99,000 
Low M 
~
(MPa) Ni Np Ni/NT NT Ni Np Ni/NT NT Ni Np Ni/NT 
66 2,700 1,450 65% 4,150 4,500 3,000 60% 7,500 2,500 2,850 53% 
36 9,300 2,800 77% 12,100 23,000 35,250 65% 
Intermediate M (a) 
6a•k ~ 
(MPa5 Ni Np Ni/NT NT Ni Np Ni/NT NT Ni Np Ni/NT 
36 37,000 47,000 44% 84,000 
(a) M = 5. 9 X 10 4 
w 
NT 
3,000 
6,500 
17,000 
81,100 
NT 
5,350 
58,250 
NT 
reduced the effective stress intensity facto
r below that associated 
with the presence of a single crack. 
Obviously, the severity of the stress conce
ntration is a critical 
parameter in establishing the relative impo
rtance of the initiation 
stage on total fatigue life. If a specimen
 with a more gentle radius 
had been tested, one would expect an even la
rger portion of fatigue 
life to have been spent during initiation. 
As a result, the deleteri-
ous effects of rubber on FCI in the high-M 
blends shown by this study 
w 
would be even more pronounced. Alternative
ly, situations using an 
more severe stress concentration would like
ly show improved overall 
fatigue life based on the beneficial effects
 of rubber on FCP 
resistance. 
3.5 Fatigue Crack Initiation Life in Epoxy 
A plot of FCI lifetimes as a function of ca
lculated notch root 
stress for a pair of neat and rubber-modifie
d epoxy materials is 
displayed in Figure 25. The data points dis
playing arrows at life-
times less than 10
6 
cycles represent specimens which fractured 
prematurely at locations other than at the 
notched root area. In 
spite of the experimental difficulties enco
untered, it appears that 
rubber modification exerted a deleterious in
fluence on FCI at most of 
the stress levels tested. This is attribute
d to the fact that any 
rubber-induced toughening taking place in th
e matrix is not enough to 
offset the adverse effects of the reduction
s in modulus and yield 
strength which accompany the addition of rub
ber. 
The shapes of the curves for the neat and ru
bber modified mate-
rials are similar to what one would expect 
for brittle and ductile 
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Figure 25: 
Cycles to Initiate 
Effect of rubber modification on FCI 
lifetimes in epoxy. 
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materials, respectively. Brittle materials, such as glass, typically 
show a very flat S-N response whereas ductile materials display 
fatigue lifetimes that are more stress dependent. It is not surpris-
ing then that these two curves appear to intersect at high stress 
levels; one might expect that at even higher stress levels the rubber 
modified material (being more ductile) would exhibit longer FCI 
lifetimes. 
It is interesting to compare the FCI lifetimes for the epoxy 
samples versus fatigue lifetimes determined for PVC specimens at the 
same stress levels (see Section 3. 2). One may clearly see that the 
epoxy resin displays much greater resistance to FCI than PVC. Since 
others have shown epoxy to be very poor in FCP resistance, this 
observation confirms the hypothesis that satisfactory total fatigue 
lifetimes found in epoxy must be due to the superior FCI resistance of 
this material. 
If one now considers the effect of rubber modification on total 
fatigue life, one again is struck by a competition of factors. Manson 
et al. <49 ) observed improved FCP resistance for a 15 phr CTBM epoxy 
blend, at the testing frequency used in the present study (20 Hz). 
Yet, this study showed that the same modification causes a deleterious 
effect on FCI. One concludes, therefore, that a competition exists 
between the influences of rubber additions on the initiation and 
propagation stages on total fatigue life in epoxy blends. This 
limited examination of cross-linked system suggests that further 
research is warranted. 
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3.6 Fatigue Crack Initiation Life in Nylon 
Nylon behaves differently in fatigue than the other materials 
. (37 44) previously described. As shown by Hahn and Bretz ' both neat and 
rubber modified nylon tend to be susceptible to thermal fatigue during 
FCP. Figure 26 shows a plot of fatigue lifetimes over a range of 
stress levels for a neat and rubber-modified blend. No fatigue crack 
initiation was observed in any of the specimens examined. However, 
many samples experienced a significant loss of modulus resulting from 
hysteretic heating which caused permanent deformation in the bend 
bars. Many experiments were terminated as a result of thermal failure 
when the deformed bend bars could no longer be loaded to those levels 
associated with the load command signal. Given this definition of 
failure, it is not surprising that the rubber-modified material 
exhibited shorter lifetimes than the neat, since the inclusion of 
rubber reduces both yield strength and modulus (see Figure 26). It is 
interesting to note, however, that in spite of the deleterious effects 
noted, both the neat and rubber-modified nylon show FCI lifetimes 
greater than one million load cycles at many of the same stress levels 
at which failures were recorded in the PVC materials. 
Examinations conducted with an infrared microscope showed exces-
sive heat build-up during loading near the notched root in specimens 
which failed thermally. Although problems encountered with large beam 
deflections in front of the camera eye made accurate temperature 
measurement difficult, it was clear that hysteretic heating played an 
important role in the property degradation observed. No heat build-up 
was observed in those specimens which experienced one million load 
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Figure 26: Effect of rubber modification on FCI lifetimes 
in nylon 66 and a nylon 66 blend. 
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cycles. Although others have shown that rubber modification in nylon 
may prove beneficial during FCP by diffusion of damage at the crack 
tip, this study has shown that in cases were no preliminary crack 
exists, rubber modification is shown to exert a deleterious influence 
on overall fatigue life. 
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IV. CONCLUSIONS 
1. FCI lifetimes in PVC increase with increasing molecular weight 
and parallel a similar improvement in fatigue crack propagation 
resistance that was reported earlier by Skibo and Rimnac. 
2. In high-M PVC blends, rubber modification has a deleterious w 
influence on FCI resistance. For the specimen configuration 
tested, total fatigue lifetimes are shortened by the addition of 
14 phr MBS. 
3. In low-M PVC blends, rubber modification effects a slight w 
improvement on FCI resistance, suggesting that total fatigue 
lifetimes are lengthened by the addition of either 6 or 14 phr 
MBS. 
4. Fatigue lifetimes were associated with blend substructure, 
fracture appearance, and overall influence of rubber additions on 
blend properties. 
5. Preliminary results showed that rubber modification exerted a 
deleterious influence on the FCI resistance of an epoxy resin and 
nylon 66 by shortening FCI lifetimes and hastening thermal 
fatigue, respectively 
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